ABSTRACT: Shells of oyster species belonging to the genus Crassostrea have similar shell micro-structural features comprising well-ordered calcite folia. However, the mechanical strengths of folia differ dramatically between closely-related species. For example, the calcareous shells of the Hong Kong oyster Crassostrea hongkongensis, are stronger than those of its closest relative, the Portuguese oyster, Crassostrea angulata. Specifically, after removal of organic content, the folia of C. hongkongensis are 200% tougher and able to withstand a 100% higher crushing force than that of C. angulata. Detailed analyses of shell structural and mechanical features support the hypothesis that crystallographic interdigitations confer elevated mechanical strength in C. hongkongensis oyster shells compared to C. angulata shells. Consequently, the folia of C. hongkongensis is structurally equipped to withstand higher external load compared to C. angulata. The observed relationships between oyster shell structure, crystallography and mechanical properties provided an insightful context in which to consider the likely fate of these two species in future climate change scenarios. Furthermore, the interdisciplinary approach developed in this study through integrating electron backscatter diffraction (EBSD) data into finite element analysis (FEA) could be applied to other biomineral systems to investigate the relationship between crystallography and mechanical behavior. Generally, oyster shells are comprised mainly of calcitic folia with some calcitic chalk.
■ INTRODUCTION
Edible oysters belonging to the genus Crassostrea, herein referred to as "oysters", build mechanically strong CaCO3 shells using biologically controlled biomineralization processes.
These shells protect them from predators and provide substrates and shelters for others organisms.
1 Oyster shells are composite structures primarily composed of calcium carbonate (CaCO3) crystal units with a minor fraction of organic material. 2, 3 The hierarchical structures and orientated crystalline structures result in material properties that enable biomineralized structures such as oyster shells to be light and strong and perform a protective function for the organism. 4 , 5 These complex structures have been refined through evolution and speciation. 6 Consequently, each oyster species may have developed a unique way of assembling their crystal units to achieve superior mechanical strengths for minimal energy expenditure and maximal weight gain. 7, 8 Thus, structural features of each oyster species may hold rich information to inspire the development of novel biomaterials for construction and biomedical applications. 9 Despite their potential applications in applied and basic science, only a small number of studies have examined the genetically controlled relationships between shell structural and mechanical features in oyster species that tend to build shells with contrasting mechanical strength and in commercially important edible oyster species inhabiting along the coastal areas of China.
10, 11
Generally, oyster shells are comprised mainly of calcitic folia with some calcitic chalk.
3, [12] [13] [14] [15] Folia can be considered as the calcite analogue of nacre with overall uniform crystallography across the Bivalvia (Figure 1 ). 5, [12] [13] [14] It has been well established that the mineral composition of oyster shell contributes to its mechanical strength. 3, 16 However, the microstructural properties of shells: the size, shape, and orientation of crystallographic mineral units, can also significantly contribute to the mechanical strength. 10 A strong correlation between crystal unit morphology and orientation and mechanical strength is expected because resistance to fracture generation increases with decreasing crystal unit size and increasing orientation complexity. 17, 18 Thus, increased microstructural complexity of crystal units, especially in the folia layer of oyster shell, can result in enhanced mechanical strength. However, only a few studies have attempted to understand the influence of microstructure, such as crystal unit size, shape and orientation, on the mechanical properties of oyster shells. 10 For example, irregularly and loosely arranged crystal units in the chalky layer resulted in a brittle structure with reduced hardness 30 times lower than the folia layer. 19, 20 Although these studies provide information about shell microstructure and mechanical properties, we still do not know how crystal orientation influences the mechanical properties of the folia of different edible oyster species. In addition, we do not know how the closely related oyster species differ in their shell microstructural design and thus in their mechanical
properties. Studying edible oysters living in Chinese coastal waters provides an opportunity to fill this knowledge gap.
The Hong Kong (HK) oyster, Crassostrea hongkongensis and the Portuguese oyster, C.
angulata, are widely distributed and commercially cultivated along the coastal and river mouths of Southern China. 21 While C. hongkongensis is considered to be endemic to the region, the Portuguese oyster has been successfully introduced to Europe via Portugal. 22 The
Portuguese oyster is morphologically indistinguishable from the Pacific oyster, C. gigas.
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These two commercially important species have high genome similarity and inhabit similar habitats i.e. estuarine river mouths of South China coastal areas, yet appear to have strikingly different structural and mechanical features ( Figure S1 ). What underpins these differences in shell mechanical characteristics between these two closely related oyster species? Focusing on folia, the most abundant shell component, we used micro-computed tomography (Micro-CT)
to quantify the proportion of folia, micro-force loading to quantify the mechanical resistance corresponding to the crushing force, electron backscatter diffraction (EBSD) to determine crystallographic orientation and finite element analysis (FEA) to determine the fracture stress of folia in these two species. This innovative combination of materials science techniques enables us to directly interpret the influence of crystallography on the material properties of biogenic calcite.
■ EXPERIMENTAL SECTION
Shell sample collection. Adult shells of the HK oyster (C. hongkongensis) and the Portuguese oyster (C. angulata) were collected from the naturally recruited populations in coastal areas of Southern China (Guangdong province, South China). The shell height, length and width of C. hongkongensis were 52±6, 33±6, and 20±4 mm, respectively. The size measurements of the collected Portuguese oyster shells were similar to C. hongkongensis, i.e.
the shell height, length and width were 51±7, 38±4 and 27±5 mm, respectively. The age of the oyster shell specimens were 12 to 15 months.
Shell ultrastructure. Fractured shell sections were glued to scanning electron microscopy (SEM) stubs and gold-coated. Secondary electron images were collected with a beam voltage of 5kV at a working distance of 9 mm in high vacuum mode on the Sigma Variable Pressure Analytical SEM.
Shell structural composition. Shell structural compositions of both valves were compared in terms of the percentage of folia in the oyster shells by using high-resolution Micro-CT (Micro-CT, SkyScan 1076, Skyscan, Belgium) with a spatial resolution of 9 μm.
Shells were placed in Falcon tubes and held in the chamber of the Micro-CT scanner securely.
The three-dimensional digital information was converted to shell surface topography, mineral density and corresponding volume obtained as ~2000 two-dimensional layers. The shell density and volume were measured by comparison with standard phantoms that are used for bone density measurement 24 analytical software CT-Analyser v 1.14.4.1 (SkyScan, Kontich, Belgium). To calibrate the identification of foliated and chalky layers, the shells were sectioned after scanning and folia and chalk identified by eyes. The mineral density range of folia, ~ >1.5 g/cm 3 , and the corresponding partial volume were then used to calculate the percentage of folia. Shells from four individuals per species were analyzed by Micro-CT scanning.
Mechanical characteristics of shell "folia" layer. Crushing test was used to examine the mechanical characteristics of folia, including the crushing force which represented the mechanical strength or resistance and toughness which represented the energy required for material failure or fracture. [25] [26] [27] A standardized shell specimens were used here to ensure the comparability. An oyster has two calcareous shell valves, the cemented (on substratum)
cupped or left valve and the lid or flat right valve. The deep cup-shaped left valve is more prone to cracking since it morphogenetically concentrates more stress at the hinge region under external load. 11, 28 Therefore, the folia from the hinge region of the left valve were analyzed for mechanical strength (or resistance) and toughness corresponding to the crushing test. First, the hinge section of the oyster shell (left valve) was cut out using a hand saw. Then, a folia plate of 1 mm in height was sectioned by polishing the inner and outer surfaces of the hinge section using grit paper (P240). Finally, a 1 3 cubic specimen was cut out from this plate using an automatic diamond saw blade. One specimen was obtained from one individual.
In total, fifteen specimens or replicate samples were used per species of oyster, among which five specimens were immersed in 5% sodium hypochlorite for two hours to remove organic content from cubic folia specimens. These five specimens were examined before and after incubating in sodium hypochlorite under SEM to confirm the removal of organic content ( Figure S2 ) 20 .
The crushing test was conducted with the micro-force testing system (Tytron 250, MTS System Co., USA) equipped with a Test Star ΙΙ controller. Two circular metal plates (diameter of 1.5 cm) were parallel clamped to the actuator and force transducer respectively. The specimen was mounted on the metal plate clamped to the force transducer to ensure that the thickness direction of the shell coincides with the crushing direction. The displacement control load with speed of 0.05 mm/sec was applied.
Folia composition in terms of organic and magnesium content. As the small occluded fraction of organic matrix and magnesium content is expected to play an important role in determining shell mechanical properties, these two characteristics of folia were evaluated and compared between the two oyster species. Folia organic matter content was determined by the weight loss percentage of the folia after ignition. 29 The folia were sectioned and prepared as previously described for the crushing force test. The extractable folia were powdered manually for 15 min with a glass pestle and mortar. The folia powder collected in preweighed crucibles were oven dried at 60°C for 24 hours and weighed to determine the dry weight (DW). Samples were placed in a furnace at 500°C and weighed to determine the ash weight (AW) in terms of the inorganic content. Ash-free dry weight (AFDW) in terms of organic content was obtained as the weight loss from DW to AW and the weight loss percentage was calculated as the proportion of AFDW to DW. 29 One specimen was obtained from one individual. In total, ten specimens or replicate samples were used per species of oyster.
The folia cubes after removal of organic content in the same way which described in the crushing test section were used for the evaluation of magnesium content using a scanning electron microscope (SEM; Hitachi S-3400N VP SEM, Hitachi, Japan) with integrated energy dispersive X-ray spectroscopy (EDS) system for elemental analysis. Specimen analysis was carried out on carbon-coated folia cubes after removal of organic content. All was analyses were carried out using a magnification of 5000 with acquisition time of 30 seconds. Six to seven specimens of each species with three sites of interest per specimen were used for the EDS analysis. At each site of interest, five spectra were accumulated, and the mean values were obtained for each site. The value for each specimen was calculated by the average of the values of three site.
Electron backscatter diffraction analysis. The crystal orientation of the folia of oyster shells was examined using electron backscatter diffraction (EBSD), a microstructural-crystallographic analysis technique. Left valves of two species of oyster shells were coated using epoxy resin (EpoxyCure, Buehler) and sliced transversely at low speed using a diamond trim saw blade to section the entire length of the shell. The sliced longitudinal sections of the oyster shells were sectioned into 4-5 parts depending on the length of the shell. Shell sections were then embedded separately into epoxy resin blocks and polished by hand for 2-4 min using grit papers (P320, P800, P1200, P2500, and P4000), followed by further polishing for 4 min on cloths using 1 μm and 0.3 μm alpha alumina, and for 2 min using colloidal silica to ensure a smooth shell surface. Polished shell sections were analyzed using EBSD to determine angle gridlines. 31 Two specimens or replicate samples were examined per species of oyster.
Calculation of stiffness tensors of shell folia. The average elastic stiffness tensors of polyphase aggregates of folia were calculated for each species by MTEX, a freely available Matlab © toolbox for quantitative texture analysis 32 . By inputing the crystallographic texture of calcite-unit acquired from EBSD in the same coordinate system and the anisotropic elastic tensor of single-crystal calcite 33 , the collected elastic features of calcite-unit, average elastic stiffness tensors, were calculated. Table 1 shows the values of two species in Voigt notation.
Finite element modelling analysis of shell folia. In order to model the mechanical responses of shell folia of the two oyster species, finite element analysis (FEA) was conducted using the software ABAQUS/standard (Dassault Systems, France). In this model, a 1 3 3D
"folia" cube with a fixed bottom surface was compressed from the top by a rigid plane. The elastic stiffness tensors calculated in the last section were assigned to the "folia" cube with setting the y-axis parallel to the compressing direction for coinciding with the scenario of the crushing test. Quadratic brick element (C3D20 in ABAQUS) was assigned for the 3D cube in the simulations.
Statistical analysis. One-way ANOVA was used to examine the proportion of folia and chalk between two oyster species (n = 4), the crushing force of the folia cubic specimen without organic content (n = 5), the toughness of the folia cubic specimen after the removal of organic content (n = 10) and the magnesium content in folia (n = 6 and 7). Before this statistical analysis, data were checked for normality and homogeneity of variance assumptions. If the data did not pass those ANOVA assumptions, a non-parametric ANOVA analysis (Mann-Whitney U test) was used to examine the crushing force of the folia cubic specimen before the removal of organic content (n = 10), the toughness of the folia cubic specimen after the removal of organic content (n = 5) and the weight loss percentage of folia under ignition (n = 10).
■ RESULTS
Proportion of folia in oyster shells. The Micro-CT analyses reveal that the foliated layer of C. hongkongensis is more compact than that of C. angulata and the foliated layers of C.
angulata are more frequently interrupted by enclosed pores of chalky lenses (Figures 2a-d) . (Figure 3a and b) , the crushing force was defined by the corresponding force of the data point before a sharp change of force occurred due to the sample failure which represents the resistance or strength of the folia cube (Figures 3b) . 34 Before demonstrating this result further, it was necessary to define toughness, which is commonly used to characterize the mechanical properties in the field of fracture mechanics. [25] [26] [27] In our cases, the toughness represents the input energy inducing the totally crush of the folia cube. In other words, a higher toughness means more energy is required for the fracture or failure, indicating that the material is harder to fracture. As shown in Figure 3b , the toughness was depicted as the area enclosed by the displacement (mm) -force (N) curve and the horizontal axis to the failure point, which is expressed as:
where ε is the strain, εf is the strain upon failure, σ is the stress, V is the volume of the folia cube which is approximately equal to 1 3 , F is the force (N) applied on the top surface of folia cube, S is the displacement (mm) of the top surface of folia cube, Sf is the displacement (mm) upon failure.
Therefore, firstly, whether or not organic material has been removed from folia cubes, the folia of C. hongkongensis required a significantly higher crushing force than those of C.
angulata (before the removal of organic content: Mann-Whitney U test, p < 0.05; after the removal of organic content: F (1, 8) = 7.87, p < 0.05) (Figure 3c ). This indicates that the mechanical strength or resistance of the folia of C. hongkongensis was higher than those of C.
angulata. Secondly, although there is no difference in the toughness of the folia upon the removal of organic content between the two oyster species (F (1, 18) = 0.12, p > 0.05), the folia of C. hongkongensis after the removal of organic content were significantly tougher than those of C. angulata (Mann-Whitney U test, p < 0.05) (Figure 3d ). angulata after removal of organic content) was applied on the top rigid plate, the largest maximum principal (MP) stress and MP strain occurred at the corner of both folia cubes regardless of the oyster species (Figures 6a and b) . However, the distribution of MP stress and MP strain of the folia in C. hongkongensis shells is more uniform than that of C. angulata. Similarly, the propensity for microstructural microcracking is confirmed to be reduced in calcitic marble by increasing the crystal preferred orientations. 35 Although shell mechanical strength is primarily determined by microstructural features and orientation of crystal units, the occluded small fraction of organic matrix also plays an important role in ultimately determining the shell mechanical properties, such as hardness, fracture toughness, and elasticity. 36 Therefore, this study not only quantified the total fraction of organic matrix components of the folia from the two oyster species but also evaluated and compared the strength (crushing force) and toughness of folia before and after removal of organic content. In contrast to our expectation, the mechanically stronger shells of C.
hongkongensis had less organic matrix than the weaker shells of the C. angulata. The organic matrix between intercrystallite and nanograins in folia of oyster shells is organized in a foamlike structure. 20 Such foam-like structural units within the folia layer are expected to enhance the shell toughness and strength through reducing the area of the cleavage plane in crystals. 37 The C. angulata shells with a significantly higher amount of organic components are mechanically weaker than the shells of C. hongkongensis which have a lower amount of organic components. With such a lower resistance to external load, the higher organic content may be more important for C. angulata, to rescue some toughness for C. angulata shell. This comparative analysis suggests that the crystallographic interdigitation has a greater effect on determining shell mechanical strength when compared to total organic content. Similarly, the significance of crystallographic orientation within shell microstructures to determine material mechanical properties has been highlighted in both non-biogenic 38 and biogenic shell materials. 30 The existing relationship between crystal unit orientations or assemblages and mechanical strength in oyster shells was further explored through FEA analysis. According to our FEA modelling analysis, interdigitation of crystal units in the folia of C. hongkongensis enables the shells to always concentrate less stress and strain under the same external loading and requires higher energy for failure when compared to the uniformly assembled crystals in the shells of C. angulata. The results of this study have implications for biomaterial research.
For example, by directly determining the influence of crystallography on the material properties of biogenic calcite, the unique material properties and crystallographic interdigitations that are found in folia of C. hongkongensis could inform the design of biomaterials with predetermined material properties. This could be used to develop an oysterderived scaffold with superior biomechanical properties for bone development and regeneration and inspire the design of material with enhanced mechanical properties by optimizing the crystallography.
The ability to scale up the material properties is important if we are to be able to forecast the modulating effect of environmental changes such as climate change (ocean acidification and global warming) on oyster shell material properties. From an ecological perspective, C.
angulata produces a mechanically weaker shell under near future climate change conditions such as elevated CO2 and decreased pH and would be expected to be more susceptible to predatory attack. 39 The mechanical modelling approach developed in this study using EBSD data integrated with FEA models could be easily applied to other biomineral systems to investigate the relationship between structural and mechanical properties in biological constructs. 
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